Abstract: The modular assemblyo fb oronic acids with Schiff-base ligands enabled the construction of innovative fluorescent dyes [boronic acid salicylidenehydrazone (BASHY)] with suitable structural and photophysical properties for live cell bioimaging applications.T his reactione nabled the straightforward synthesis (yields up to 99 %) of structurally diverse and photostable dyes that exhibit apolarity-sensitive green-to-yellow emission with highq uantum yields of up to 0.6 in nonpolar environments. These dyes displayed ah ighb rightness( up to 54 000 m À1 cm
Introduction
The quest for flexible and modular approaches that enablet he construction of electronically tunablea nd environmentally responsivef luorophore platformsi sv ital for the development of functional dyes for bioimaging, sensing, and probinga pplications. [1] [2] [3] [4] [5] Highly fluorescent dyes based, for example, on rhodamine, [6, 7] fluorescein, [3, 8] oxazine, [3] coumarin, [3] cyanine [9, 10] or boron dipyrromethene (BODIPY) [11] [12] [13] [14] [15] chromophores, have been extensively explored along these lines. In particular, BODIPY derivatives (Scheme 1A)b ecame the focus of different fields due to ac ombination of remarkable photophysical properties,w hich included very high quantum yields, narrow absorptiona nd emission bands, and high molar absorption coefficients.
The success of BODIPY dyes triggered burgeoning interest in the engineering of sophisticated fluorescentm olecules featuring ac entral boron(III) atom coordinated to ab identate ligand,u suallyw ith N,N or N,O chargeds ites, andt wo anions, typicallyF À or Ar À (Scheme 1B). [16] Likewise, four-coordinate or-ganoboron N,C chelates have been investigated intensively; some of them are highly fluorescent and strongly indicate their suitability for applications in organic light-emitting materials. [17] In many of these architectures, the boron atom assumes an instrumental role because it may improve the stability of the ligand and enhancethe planarity of the dye, conjugation, and charge transfer throughout the p system. [16] Therefore, it is rather surprising that widely availablea nd structurally diverseB As have been generally overlookeda su seful conformationalblocks for the construction of fluorescent dyes.
The lack of use of BAs may suggests ome difficulties in the self-assembled generation of fluorescent molecules based on this function. BAs are known to feature ar ich supramolecular chemistry [18] [19] [20] [21] [22] and to form fluorescent complexes upon binding with bidentate ligands. [23] [24] [25] [26] However,t he coordination is reversible and the conjugates often lack the long-term stability required for their application as functionald yes (Scheme 1C). Differently,B As generate more stable complexes with tridentate ligands, althought heseb oronates are poorly fluorescent because the central boron atom adoptsa no ut-of-plane tetrahedral geometry (Scheme 1C). [27] BAs offer attractive opportunities for the discoveryo ff luorescent supramoleculara rchitectures, since this function may be used to rigidify unreported structures of tridentate p-conjugated ligands, which can be further tuned, depending on the BA structure. Bearing this in mind, we envisioned that Schiffbase ligands could be used as ap latform to build fluorescent boronates, since the modulars tructure of these ligandsc an be specifically engineered to accommodate BAs in form of ac onformationally stable p-conjugated complex (Scheme 1D). [28] [29] [30] [31] [32] The result of this design effort is am odular fluorophore platform based on boronic acid salicylidenehydrazone (BASHY) complexes.
Results and Discussion
Stepwise molecular development of BASHYdyes Boronates prepared by using Schiff-base ligands and BAs were used recently by us to preparen ew,b iologically active, small molecules andt os electively functionalize proteins. [33] [34] [35] [36] [37] In the course of these studies, [35] we observedt hat boronate 1 (Scheme 2) was weakly fluorescent (l fluo = 456 nm, F fluo = 0.03;q uantitative data in acetonitrile determined in this work). Based on this observation, and with the aim of discovering am odularB A-based molecular platform for the construction of functional fluorescent dyes, boronate 2 was designed (Scheme 2). In comparison to 1,t his compound was predicted to feature am ore extended p framework, improved ligand planarity,a nd greater rigidity;a ll of these are attributes for the observation of significant and bathochromically shifted fluorescence. Hence, 4-methoxysalicylaldehyde, anthranilic acid, and phenylboronic acid were reactedi ne thanolf or 18 ha t7 08C. This simple, three-componentp rotocol afforded the desired compound, which wasi solated by filtrationi nh igh purity and 90 %y ield. To our disappointment, boronate 2 provedt ob e only very poorly fluorescent (F fluo < 0.01), albeit with the predicted bathochromically shifted emission (Dl = 42 nm). Thus, it was anticipated that the installation of ah ydrazone bridge between the donor and acceptor components could enhance p conjugation along the main axis of the ligand and contribute to improved fluorescence properties of the dye. To put this idea into practice, 4-methoxysalicylhydrazone (3), phenylglyoxylic acid, and phenylboronic acid were reacted in acetonitrile. After heating at 80 8Cf or 2h,B ASHYc omplex 5 wasisolated in near quantitative yield as as olid of high purity (Scheme 2). Indeed, this dye was significantly more fluorescent than boronates 1 and 2,a nd also displayed af urther bathochromic shift of the emission band (l fluo = 506 nm, F fluo = 0.17;i na cetonitrile).
Expansion of the scope of BASHY dyes
Encouraged by the previous result,w ea ddressed the synthesis of different BASHYc onstructs based on the above-described three-component reaction. As shown in Scheme 2, iminoboronate 6 was readily obtained from 4 in 99 %y ield. Dye 8,e lectronically analogous to dye 6,b ut featuring aP EG-ylated side chain (PEG = polyethylene glycol), was also efficiently assembled by using this protocol. Interestingly,t he addition of the PEG functionality did not impair the photophysical properties of the dye( see below and spectra in the Supporting Information).
The installation of as tronger electron-donating N,N-diethylamino substituent proved slightly more challenging because the reactiono fh ydrazine with 4-diethylaminosalicylaldehyde led invariably to the formation of the undesired bis-hydrazone. Therefore, an ew method,i nvolving the formation of hydrazones from phenylglyoxylic acidd erivatives (9 and 10), was developedt oo vercome this obstacle (Scheme 3). This procedure enabledt he synthesis of ligands 11 and 12,w hich were then convertedi nto dyes 13-18 in excellent to almost quantitative yields (up to 99 %) by simple condensation with the appropriate BA derivative. The simplicity of the methodi su nderpinned by the fact that the dyes are readilyo btained in high purity and withoutthe need for additional chromatographic steps.
Photophysical properties of BASHY dyes
Ta king the fluorescent nature of the first BASHY dye, 5 (see above), as as tartingp oint, am ore systematic investigation of some of the newly prepared dyes was performed. The data are compiled in Ta ble 1a nd representative UV/Visa bsorption and fluorescences pectra are showni nF igure 1A.
The instrumental role of the BA component as ac onformational block of the essentially nonfluorescent ligand was confirmed in ac ontrol experiment with 12.U pon addition of three equivalents of phenylboronic acid to the ligand (leadingt ot he slow formation of dye 17), the buildup of the typical fluorescence band (enhancement factor of ca. 150 within 95 h) was observed (see the Supporting Information).
Dye 13,w hich featured as trongly electron-donating N,N-diethylamino group, showed af urther bathochromic shift (by ca. 40 nm) in polar solvents, such as acetonitrile (l fluo = 540 nm, F fluo = 0.08;F igure 1A), relative to those of methoxy-substituted 5 and 6.H owever,i nn onpolars olvents, the emission maximum of 13 was displaced hypsochromically (l fluo = 508 nm in toluene and 517 nm in chloroform; Figure 1B andT able 1).
Scheme3.Synthesis of BA-based heterocycles featuring an N,N-diethylaminosubstituent;t he yieldspresented were obtained without any chromatographic purification steps. The substituent effect (5 versus 13)o nt he spectralp osition of the rather broad emission bands and the solvent effect pinpoint the intramolecular charge-transfer( ICT) character of the dye (see also below). [38] The observed pronounced Stokes shifts (70-80 nm) are another typical feature of ICT fluorophores. This enables their excitation far from the spectral window of emission observation. Accordingly,p otentialc omplications in fluorescencem icroscopy, such as stray-light detection or the reabsorption of emitted photons, are avoided. These problems are often encountered for BODIPY dyes and requirea lternative photophysical designs, such as energy-transfer cassettes. [13, 39] The ICT character of the BASHYd yesw as furthers upported by time-dependent (TD) DFT calculations [40] at the CAM-B3LYP/6-31G** level of theory (see the Supporting Information).
Energetically low-lying ICT states often deactivate through competitive nonradiativec hannels. This is ad irect consequenceo ft he phenomenonk nown as the energy gap law and explainst he relativelyl ow quantum yields of BASHY dyes in polar solvents, which stabilizet he ICT state. [38] However,t his also means that in nonpolar solvents the fluorescenceq uantum yields should increase significantly,w hich indeed was verified by values as high as 0.60-0.62 (Table 1 ). The emission properties of the BASHYd yes are invariable with the substitution pattern of the phenylboronic acid component, ase xemplified for the series of dyes 13-16 and 18.T his is an important observation, which enables the electronically innocentm odification of the dyes and even the preparation of dimers,s uch as dye 18,i nw hich both halves are electronically noncommunicating (see also DFT calculations in the Supporting Information). [29] Hence, dye 18 maintains the fluorescence properties of 13 (see Table 1 ), but nearly doubles the molar absorption coefficient (60 000 m À1 cm À1 for 13 versus 103 900 m À1 cm À1 for 18 in acetonitrile). The exaggeration of the electron-accepting properties of the nitrophenyl substituent at the a-carbonyl position in dye 17 displaced the emission maximum furthert o l = 632 nm in acetonitrile ( Figure 1A ), but at the cost of its fluorescent nature (F fluo < 0.01). Again, the energy-gap law is behind these observations. As expected for ap ush-pull dye with strong ICT character,a lso as trong solvatochromic effect for 17,a ne ffective hypsochromic shift of the fluorescence emission in nonpolars olvents (l fluo = 535 nm in toluene and 555 nm in chloroform;s ee Ta ble 1a nd spectra in Supporting Information) was noted. Again, this was accompanied by fluorescence light-up behavior in nonpolar media (F fluo = 0.55 and 0.48 in toluenea nd chloroform, respectively;see Table 1 ).
The brightness (e F fluo )o fd yes 13, 17,a nd 18 in nonpolar environments was determined for the excitation at their absorptionm axima, which serendipitouslyi nt he case of the N,Ndiethylamino-substituted dyes 13-18 matched quite well with the output lines of the Ar + laser (l = 488,4 76 nm), frequently used in confocal fluorescence microscopy setups. Brightness values as high as 37 000, 28 000, and 54 000 m À1 cm À1 were obtained for 13, 17,a nd 18,r espectively,i nn onpolarm edia (i.e., chloroform). These values are comparable to those of other well-performing fluorescent dyes, for example, cyanine dyes (Cy3, 18 000 m À1 cm À1 ), carbofluorescein (67 000 m À1 cm
À1
), tetramethylrhodamines (35 000 m À1 cm À1 ), or phenoxazine dyes (resorufin,4 1000 m À1 cm À1 ). [3] The high brightnessa nd environmentally sensitive fluorescencer ender BASHY dyes promising candidates for applicationsi nbioimaging. Of particular interest is their use as stains for nonpolar,h ydrophobic intracellulare nvironments, such as lipid droplets (see below), [41] as an interesting alternative for commonly employed Nile red. [42, 43] The photostability is another issue that was evaluated. As showni nT able 2, dyes 13, 17,a nd 18 are very photostable in acetonitrile and chloroform, with less than 15 %d ecomposition (as rated by the intensity of the fluorescences ignal) after irradiationf or 3h with a1 50 Wx enon lamp and a l = 455 nm cutoff filter (see also the Supporting Information). As observed for other dyes, the excited ICT state serves as an energy sink, thereby protecting the molecules from unwanted photodecompositon. [44] Encapsulation in polymeric nanoparticles (NPs)
Havinge stablished the molecular diversity and photophysical properties of BASHYd yes, we explored their use in bioimaging applications. In the first step, we were interested in their entrapmenti np olymeric NPs, which have recently received considerable attention as promising drug-delivery vehicles. [45, 46] In this context, fluorophore-labeled NPs are highlya ppreciated tools to evaluate the biophysical properties of NPs at the cellular level in confocal microscopy studies. Such conjugates potentiallyf oster ab etter understanding of the recognition and uptake mechanismsb yt arget cells, [47, 48] and also provide am eanst oe valuate undesired side effects, such as bioaccumulation, cytotoxicity,a nd the triggering of unwanted cellular responses. [49] [50] [51] Furthermore, encapsulationi nN Ps provides additional protection of the dyes from slow hydrolytic degradation, which was observed for the free dyes (e.g., t 1/2 ca. 3hfor 6 at pH 4.5). However,i nt oluene, the dyes (e.g., 13)s how practically no degradationo ver 12 h. As imilars tability level is expected for the nonpolare nvironment of NPs, such as the herein explored poly(lactide-co-glycolide) (PLGA) NPs. [52, 53] The application of the double emulsion-solvent evaporation methodr esulted in fluorescentP LGA-based NPs ( Figure 2B) with quantitative entrapment of dyes 13 and 17.T heir physicochemical properties (see also Supporting Information) are identicalt ot hose of unlabeled NPs or conjugatesw iths tandard fluorophores, such as coumarin-6. The mean diameter ((185 AE 7) nm for unloaded PLGA NPs versus( 182 AE 3) to (189 AE 8) nm for dye-labeled NPs), narrow particle size distribution (polydispersity index (PdI);0 .054 AE 0.018 for unloaded NPs versus 0.050 AE 0.022 to 0.088 AE 0.034 for dye-labeled NPs), and az eta potential close to neutrality (ranging from (À1.64 AE 0.39) to (À3.51 AE 0.36) mV at pH 7.4) were maintained upon dye encapsulation. On one hand, it was observed that the BASHY dyes were not released in vitro from the nanoparticulate polymer matrix in RPMI (Roswell Park Memorial Institute) cell culture media over ap eriod of 24 ha t3 78C( see the Supporting Information). On the other hand, undesired dye leachingw as clearly observedf or the coumarin-labeled PLGA NPs under the same experimental conditions.
In accordance with the polarity-dependent fluorescenceo f the dyes, the nonpolar microenvironment provided by the polymer matrix makes these NPs rather brightly fluorescent. These dye-labeled NPs have lost their environmental polarity sensitivity,b ut can now be explored as inherently fluorescent tags in confocal microscopy.D Cs were selected as biological models. This choice was motivated by their currently unfolding potentiali nt he development of prophylactica nd therapeutic vaccines. [54] As shown in Figure 2C ,B ASHY-labeled NPs were successfully taken up by immature bone-marrow-derived murineD Cs after 18 ho fi ncubation time. The internalization process for both dye-labeled NPs was unequivocally demonstratedb yZ -stack confocal microscopy images, which clearly provided evidenceo fi ntracellular localization ( Figure 2C )a nd excluded externala dsorption onto the PM. The microscopic images of theD Cs incubatedw ith the unsupported dyes showed qualitatively the same fluorescencep atterns ( Figure 2A) . Importantly,the BASHY-labeled NPs were shown to exhibit low cytotoxicity,r eaching high levels of cell viability (> 90 %), even 24 ha fter incubation ( Figure 3A) .
Bioimaging of lipid droplets
Considering the hydrophobic asymmetric 3D structure of the dyes and their fluorescencei nn onpolare nvironments, it was envisioned that these compounds could be used as selective lysochromic stains for lipid droplets. These targets are highly dynamic lipid reservoirs with implications in the regulation of intracellular lipid storagea nd metabolism. [41] With this objective in mind, the labeling of HeLa cells with BASHY dyes 13 and 17 was performed (Figure 4 ). To contrastl ocalization of the dyes, PM-selective WGA-Alexa Fluor 633 and DNA-binding Hoechst 33342 were employedi nacostainingp rotocol (Figure 4A) . Under the chosen experimental conditions, the viability of the HeLa cells was high and unaffected by the presence of the BASHY dyes ( Figure 3B ). As observed for the DCs (FigFigure 2 . A) Confocal microscopy images obtained after incubation of immature bone-marrow-derived murine dendritic cells (DCs) with BASHY dyes (2.5 mgmL À1 ;g reen) and C) BASHY-labeledPLGA NPs (0.5 mg mL À1 ;g reen), for 10 min and18h,r espectively.The plasma membrane( PM) was stained with WGA-Alexa Fluor633 (5 mgmL À1 ;red),w hereasH oechst 33342 (1 mgmL À1 )w as used for nucleusl abeling (blue), after1 0min of incubation. B) Fluorescence microscopyi mages of BASHY-labeled PLGA NPs. (Figure 4) . Remarkably,t he BASHY dyes did not partition into structures that displayed at ighter lipid packing, such as the PM. [55] Hence, these dyes could be used to differentiate between membrane regions with variable packing properties.
To confirmw hetherB ASHY dyes did indeed selectively label lipid droplets, they wereu sed together with the archetypal lipid droplets tain Nile red [42, 43] in dual color experiments ( Figure 4C and D) . The colocalization analysis and determination of Pearson's correlation coefficient (R r = 0.85 and 0.94 forcolocalizationb etween Nile red and dyes 13 and 17,r espectively) provided compellinge videncef or selectivel ipid droplet staining by BASHYd yes;t his underpins their potentialf or live-cell bioimaging applications.
Conclusion
For the first time, it was shown that BAs are valuable building blocks for the multicomponent assembly of af unctionally and structurally versatile fluorescent dye platform. The simple synthetic protocola fforded the dyes in high yields without the need for laborious chromatographic steps. The modularity of the synthetic approach allows the integrationo fv irtually any functionality.T he resulting photostable fluorescent dyes, conveniently modified with electron-donating substituents, show polarity-sensitive green-to-yellow emission with quantum yields of up to 0.6i nn onpolare nvironments. The brightness of these new dyes approaches that of widely commercialized fluorescencei maging standards, such as cyanine dyes or rhodamines.T hese new dyes were successfully used as staining agents for bioimaging applications. They were efficiently entrapped in PLGA NPs and these stable conjugates were shown to be readily internalized by DCs, without showinga ny negative effect on cell viability.T he unsupported dyes were demonstrated to be selectives taining agentso fl ipid droplets in HeLa cells, and matched the performance of the archetypal Nile red dye.
The development of new live-cell imaging methodologies is vital to foster new research in cell biology.T herefore, we envision that this BASHY platform, featuring dyes with remarkable photophysical properties, low toxicity, amenability for NP labeling, and selectivity towards subcellular structures, will emerge as ap owerful tool for the tailoredd esign of fluorescent dyes for advanced bioimaging applications.
Experimental Section
Generalp rocedures for the synthesis of BASHYdyes Multicomponent construction of BASHY dyes 5, 6, and 8:S toichiometric amounts (0.1 mmol) of the corresponding salicylhydrazone derivative, phenylglyoxylic acid, and phenylboronic acid were dissolved in acetonitrile (1 mL), and the reaction mixture was then stirred at 80 8Cf or 2hin ar ound-bottomed flask. The volatile compounds were evaporated under reduced pressure and the BASHY dyes were readily obtained as solids with high purity in near quantitative yield (99 %). Characterization data can be found in the Supporting Information.
Ligand-based construction of the BASHY dyes 13-18:T he corresponding ligand (0.1 mmol for 13-17 and 0.2 mmol for 18)a nd phenylboronic acid derivative (0.1 mmol) were dissolved in acetonitrile (1 mL), and the reaction mixture was heated at 80 8Cf or 2h in ar ound-bottomed flask. Then the volatile compounds were evaporated under reduced pressure to yield the corresponding BASHY dye with high purity in near quantitative yield. In some cases, the obtained solids were washed with cold methanol (0.5 mL) to remove very minor impurities. Characterization data can be found in the Supporting Information.
Details on the experimental procedures corresponding to the photophysical characterization, NP preparation, cell experiments, and confocal microscopy are described in the Supporting Information. Full Paper
